On the basis of the diffusion theory model, frequency-domain spectroscopy allows for a quantitative determination of the absorption (pa) and scattering (p.s') coefficient spectra of a homogeneous multiply scattering medium. We performed measurements using an intensity modulated light emitting diode (LED) as the light source. The LED's spectral distribution permits the study of a spectral region extending for about 80 nm. Data sets (phase shift and average intensity) at two different source-detector distances are acquired: the absorption and scattering coefficient spectra of the medium are then calculated from analytical expressions for p tfld 
INTRODUCTION
The determination of the optical properties of tissues is important in many fields of medicine, both for tissue diagnostics and the monitoring of physiologically important processes.1'2'3'4'5 In particular, the measurement of the concentration of a chromophore in biological tissues can provide useful information. A spectroscopic study of tissues is complicated by the fact that they are multiply scattering media, and thus the attenuation of light is due both to absorption and scattering. The problem of separating the effects of absorption and scattering has been treated using steady state6'7'8 and time resolved techniques (in both the time-domain9 and frequency-domain10 '11) . We have performed measurements in the frequency-domain, in which the intensity of the light source is modulated at radio frequency (typically at tens to hundreds of megahertz), and the detected quantities are the average intensity (DC component), the amplitude of the intensity oscillation (AC component), and the phase shift of the detected light relative to the exciting signal (:b) . A model based on the diffusion approximation to the Boltzmann transport equation has been developed. 12 It provides expressions for the measured quantities (DC, AC, CD) in terms of the optical parameters of the medium, which are the absorption coefficient (La),the transport scattering coefficient (k') and the index of refraction (n). This model is valid for a homogeneous medium in a multiply scattering regime and far from sources or boundaries. We used a light emitting diode (LED) as the light source, and we developed an experimental protocol, based on a two-distances measurement, which allows for the determination of and from analytical expressions. The measurable ranges of p and as well as the sensitivity of this method to changes in JLa and are discussed.
Experimental setup 2. METHODS
The medium we have studied is an aqueous solution of Liposyn III 20% (an intravenous fat emulsion) from Abbott Laboratories, in which a test absorbing material (methylene blue) was dissolved. The concentration of Liposyn, which provided the scattering material, was chosen to be 7.7% by volume (i.e. solids content of 1.54%), yielding a medium scattering coefficient on the order of 20 cm-1, which is typical for soft tissues.13 Methylene blue has an absorption spectrum peaked at 656 nm and an extinction coefficient of 182 1 cm4mM1 at 664 nm.14 We used several concentrations of methylene blue, from 0 to 0.450 M, in order to cover a typical range of values of in tissues (0.01 to 0.1 cm4). 13 The measurements were conducted in a 2.3 / cylindrical container whose dimensions were 9 cm in height and 18 cm in diameter.
As the light source, we utilized a light emitting diode (LED) manufactured by Hewlett Packard (part number: HLMP-4101). We modulated the LED's intensity by applying a sinusoidal voltage generated by a frequency synthesizer (Marconi Instruments, Model 2022A) and amplified by an ENI Model 403 LA RF Amplifier. In general, a frequency-domain measurement is more accurate at higher modulation frequencies, so we looked for the highest frequency of the sinusoidal voltage supply which provided a good AC signal at the LED's output. This frequency was 60 MHz for the LED we used, and the peak to peak supplied voltage was 10 V. The negative front of the sinusoidal voltage was less than the reverse breakdown voltage of the LED (15 V). In these working conditions, the LED's output was characterized by a peak wavelength of 665 nm, a spectral line fullwidth at half maximum of about 30 nm, a total power of about SP!EVo!. 2131 /357 0.2 mW, and a modulation ratio (AC/DC) of 60%. Its spectral emission enabled us to accomplish measurements at wavelengths ranging from 620 to 700 nm, which is appropriate for measuring the spectrum of methylene blue (?=656 nm).
The multiply scattered light was detected by a bundle of glass optical fibers of overall diameter of 3 mm.
This bundle was positioned at a distance r from the light source, and its output was dispersed via a monochromator (10 cm ISA Instrument SA, Inc.) and detected by the sample photomultiplier tube (PMTs). The spectral resolution was 4 nm. The detection system is a typical one for frequency-domain measurements, and is based on a well established cross-correlation technique.15'16 The cross-correlation frequency was set to 80 Hz. We referenced the values of DC, AC, and phase detected by the sample PMT (PMTs) to those detected by the reference PMT (PMTr) which collected a signal from an optical fiber in close contact with the LED (both PMT's are manufactured by Hamamatsu (Japan), model R928). This procedure provided a correction for variations in the LED's output characteristics that might have occured during the measurement. The experimental setup is shown in Fig. 1 .
Measurement protocol
The diffusion approximation to the Boltzmann transport equation provides analytical expressions for the frequency-domain parameters as a function of the absorption coefficient (ia), the transport scattering coefficient (.L'), and the index of refraction (n) of the medium.12 These expressions, which are valid for a homogeneous infinite medium at points which are far from sources and boundaries, predict a linear dependence of cb, ln(rUDc) and ln(rUAC) on r (where r is the source-detector separation, UDC is the DC component of the photon density, UAC is the amplitude of the AC component of the photon density). If we consider two different source detector separations, let's say r1 and r2 with r1 < r2, we can define the following quantities:
Finally, making the further assumption that o/21c<<c1.L'/n (where o/2ic is the modulation frequency, and c is the speed of light in vacuum) we can write12:
We observe that the condition o/2ic<<cj.t3'/n holds for most biological tissues in the red-near JR spectral region for modulation frequencies up to 1 GHz. The idea is then to perform two measurements at two different source-detector separations (r1 and r2) from which to obtain ö, a, p. We point out that the source terms do not appear in Eqs. 1-3, so that , a, p depend only on the modulation frequency and on the optical parameters of the medium. Furthermore, the spectral instrument response factor cancels in and a, because they contain the ratio of UDC and UAC measured at different source-detector separations, but at the same wavelength. Once , a, p are measured, ,ta and j.t' can be calculated from Eqs. 1-3. Inspection of these equations shows that they are not independent, since they contain only two unknowns, i.e. pa/n and If n is known, one can choose to obtain a and i' from three different sets of measurements: 6 and p (DC and phase), a and p (AC and phase), 6 and a (DC and AC). The analytical expressions for ji. and t' in the three cases are given in Table 1 . On the basis of these expressions, the errors on and j.t' can be evaluated from the estimates of the errors on 6, a, p. The result is that, for typical values of the parameters in tissues, the errors on ta and in the (6, a) measurement scheme are much larger than those in the (6, p) and (a, p) schemes. This is due to the fact that the values of 6 and a are very close, differing by no more than a few percent. We chose to use the (6, p) scheme because the error on the DC signal is typically smaller than the error on the AC signal. The use of DC and phase in frequency-domain measurements was also suggested as an alternative to a phase and modulation (AC/DC) measurement.1°I n summary, our measurement protocol consists of acquiring data at two source-detector distances (r1 , r2) and calculating 6 and p. From the expressions relative to the (6, p) measurement scheme in Table 1 ,we obtain the values of .ta and This procedure, applied wavelength by wavelength within the whole spectral region covered by the LED (620 to 700 nm), provides the spectra of j.t and
The choice of the values of r1 and r2 (r1 < r2) relies on two considerations:
. r1 must be greater than the photon mean free path in order for Eqs. 1-3 to be valid; 0 r2 must allow for an acceptable detected light signal: since the density of photons decays exponentially with distance, this condition constitutes an upper limit for r2.
We chose r1 to be 1 .5 cm, while r2 ranged from 4.0 to 2.5 cm depending on the amount of absorber in the medium.
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RESULTS
First we performed a control measurement on the aqueous Liposyn solution alone. In the absence of methylene blue we expect to measure essentially the absorption spectrum of water, while the scattering spectrum is related to the suspended particles of Liposyn. In Fig. 2 Fig. 3 for three methylene blue concentrations, shows a quantitative agreement between the measurements in the multiply scattering regime (performed via the frequency-domain LED technique) and the measurements in minimal scattering regime (performed by a standard spectrophotometer). We have also analyzed the dependence of a and p' on methylene blue concentration. The result is shown in Fig. 4 for X = 680 nm: is essentially unaffected by the concentration of absorber, while p shows a linear dependence. We observe that our results have been obtained by assuming that n = 1.33 (which is the index of refraction of water in the spectral region considered). The good quantitative results we found justify such a choice for n. in order for the diffusion model to be valid, has to be much greater than j.t (let's say -' > 2Oia);
ii) since the error on p is on the order of tenths of a degree, we want p to be at least 10;
iii) an upper limit to a and ' is given by the amount of light signal at the greater distance (r2).
We assumed that the DC and AC signals at r2 are not smaller than 1/300 times the signals at r1.
By imposing these conditions we can evaluate the ranges of measurable values of ta and j.i' using our instrument. The result is shown on a p' -ta log-log diagram in values of a and j.t' in tissues fall inside the measurable region of the -I.ta plane. The sensitivity of this technique to changes in the optical parameters can be evaluated by the relative errors on .ta and p'.
These errors are typically within a few percent.
This work has dealt with a macroscopically homogeneous strongly scattering medium in a quasi-infinite geometry. Of course, the application of this technique to in vivo spectroscopy of tissues requires some further developments. First, biological tissues are not as homogeneous as an aqueous Liposyn solution. Second, they do not provide a quasi-infinite geometry (at least for non-invasive applications). The first point has already been considered,9'19 and the reasonable results obtained in vivo on the basis of homogeneous medium models are encouraging. The second point requires the use of different boundary conditions. A first approach might be that of a semi-infinite geometry with source and detector placed on the surface. Although the diffusion approximation is not valid in such a geometry, it still constitutes a reasonable starting point. 9 We are currently working on this subject. . the total power emitted by LEDs is typically less than a few mW and is distributed over a wide solid
angle. This properties make LEDs safe for medical applications;
. the LED method is cost effective, especially when compared to other speciroscopic techniques.
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